There are two steps to obtain as small as possible fiber Bragg gratings. First, it is to taper the fiber and reduce its diameter. A subwavelength-scale microfiber (MF) is the basic element of miniature fiber devices and sub-systems. Then it is to reduce the grating length. For short fiber grating, strong refractive index modulations are necessary. Strong refractive index modulations can be obtained inducing surface corrugation by alternating layers of different materials, one of which can be air. Several techniques have been proposed for the fabrication of surface-corrugated fiber gratings, including photorefractive inscription using etching, femtosecond lasers, and focused ion beam (FIB). So far, FIB is the most flexible and powerful tool for patterning, cross-sectioning or functionalizing a subwavelength circular MF due to its small and controllable spot size and high beam current density. In past two years, a number of ultra-compact surfacecorrugated microfiber Bragg gratings (SCMGs) have been successfully fabricated by FIB milling. The length of FIB milled SCGMs can be as small as tens of micrometers. In addition, there are several novel proposals on SCMG including wrapping a microfiber on a microstructure rod or put a microfiber on a surface-corrugated planar grating. In this paper, we will introduce recent advances in these ultra-small SCMGs and their characteristics and applications.
INTRODUCTION
Fiber Bragg gratings (FBGs) are periodic variation in the refractive index (RI) along fiber length. Since first appeared in 1978 [1] , FBGs have been widely used as sensing elements in many applications including temperature, strain and refractive index (RI) measurements due to their unique advantages including simplicity, immunity to electromagnetic interference, light weight and capability of multiplexing. Over the last two decades, FBGs have been manufactured mainly by modifying the core refractive index using interferometric or point-by-point techniques; most of interferometric techniques use a phase mask and an ultraviolet (UV) laser [2] (typically excimer or frequency doubled Ar+ ion) or femtosecond (fs) lasers (near IR or UV). Gratings based on surface corrugations have also been demonstrated in etched fibers using photolithographic techniques. All gratings fabricated in thick fibers have weak RI modulations and the related grating lengths are of the order of several millimeters.
Miniaturization is one of the current trends for the sensor to achieve higher-bandwidth, faster response and highersensitivity. FBG miniaturization can be achieved by decrease the fiber diameter and grating length. Tapering is the most popular method to reduce the fiber diameter. With the heat-and-draw technique, The fiber can be tapered into a subwavelength-scale microfiber (MF), considered to be the basic element for miniature fiberized devices and subsystems. To reduce the grating length, strong RI modulations are necessary. Strong RI modulations can be obtained alternating layers of different materials, one of which can be air as shown in Fig.1 . Although this process in normal optical fibers imposes the removal of large amounts of material, in fiber tapers and tips it requires the removal of small amounts of matter because the propagating mode is confined around the silica/air interface. Several techniques have been proposed for the fabrication of gratings in microfibers, for example, wrapping a microfiber on a microstructured rod [3, 4] , CO 2 lasers, femtosecond lasers [5, 6] , and focused ion beam (FIB) machining method [7] [8] [9] [10] [11] [12] [13] [14] [15] . The former can be used to realize compact FBG but it needs extra polymer coating. The second and third methods can only be used to write LPG or long high-order FBG which means that the grating length is still long. Among these techniques, FIB milling is highly suitable for nano-fabrication due to its small and controllable spot size and it can bring strongest RI modulation flexibly, which can efficiently shorten the grating length. In the past two years, a number of ultra-compact surface-corrugated Figure 2 shows two FIB/SEM images of SCMGs fabricated from our group. Grating in Fig. 2(a) , is fabricated on a sharp MF tip. The grating has shallow corrugations of period Λ = 600 nm with 61 periods. The total length is about 36.6 μm, which is extremely short. The groove face is very sharp and smooth. Every groove is 200 nm in depth, located at the position with the local radius around r = 3.25 μm. Grating in Fig. 2(b) , is fabricated on a long a 2μm-diameter MF. The perpendicular gallium ion beam periodically etches 50nm-depth grooves on the surface of MF. The grating has 100 shallow corrugations with period Λ = 580nm and the total length is ~58μm. Both high and low average RI modulations have been achieved by FIB-milled SCMGs. In all, FIB provides researchers a flexible way to get all kinds of structures with high accuracy at will and without additional masks. Yet, batch production cannot be envisaged for this method. Experimentally, SCMGs are characterized with a set-up shown in Fig. 3 : The reflection of the SCMG is measured by a broadband source near 1550 nm and an Ando AQ6317B optical spectrum analyzer (OSA) through a circulator. If we want to use it as a sensor, one end of the fiber is fixed, and the longitudinal force / external heater/ liquid is applied at the other end for force/ temperature / RI sensing, respectively.
Same as our previous experiment, before micromachining the microfiber, it displays an ignorable reflection of less than -100 dB over the whole broadband spectrum if the fiber endface was processed into sharp taper shape or angled shape to avoid the 2% reflection. Hence, the reflection at the other tip end is negligible and the detected signal only results from the light reflected by the grating. Figure 4 shows the typical reflection spectra of the SCMG. The spectra indicate an extinction ratio of ~20dB at the Bragg wavelength, which is enough for sensing applications. 
where β i = (2π/λ)n eff,i (i = f or b) is the mode propagation constant, m is the diffraction order, Λ is the period of the grating and is the unit vector along the fiber longitudinal axis. In a more physical perspective, Eq. (1) means that the momentum mismatch between the forward and backward propagating modes should be compensated by the reciprocal vector provided by the periodical index modulation. As the effective index and period of grating is a function of r, n a , T, and ε, the Bragg condition (eq. 2) can be rewritten as [16] 2 ( , , , , , ) ( , , ).
where the refractive index of fused silica and of the ambient medium surrounding the SCMGs are denoted by n f and n a , T is the temperature and ε (F) is the strain (force) applied to the SCMGs. When the external medium RI, temperature or applied force changes, the Bragg wavelength will shift. The sensitivity can be obtained by monitoring the wavelength-shift. The RI sensitivity (S a ) with respect to the ambient medium RI is defined as S a =dλ B /dn a , the temperature sensitivity with respect to the environment temperature is defined as S T =dλ B /dT, and the strain (force) sensitivity with respect to the applied strain (force) is defined as S S (S F )= dλ B /ε (dλ B /F). As a RI sensor, RI sensitivity of the SCMG only depends on the large MF evanescent field which is limited by the MF diameter. For a typical SCMG sensor immersed in ambient liquid with RI in the range 1.32 -1.46, S a varies from 10 nm/RIU (refractive index unit) to 10 3 nm/RIU, according to the MF radius and the ambient liquid sensed, whatever for a FIB-milled or rod-wrapped SCMG. Usually, a smaller radius and a larger ambient medium RI result in a higher sensitivity regardless of the fabrication method. For example, Liang et al. got a sensitivity of 16 nm/RIU at a RI around 1.35 with a MF 6 μm in diameter [17] while 660 nm/RIU was reached by Liu et al. at a RI of 1.39 by using a 1.8 μm-diameter MF [12] . As a temperature sensor, temperature affects the Bragg wavelength shift through the thermo-optical effect and thermal expansion in three ways: index variation, MF radius variation and grating period change. As thermal expansion contributes less than 2 pm/°C to the total sensitivity, it is generally neglected. S T resulting from the thermo-optical effect is ~ 10 -20 pm/°C and dominates in temperature sensing. Taking benefit from the all-silica structure, SCMGs without polymer have been reported stably operating above 200 °C [7, 11] . Figure 5 is the experimental characterization of the FIB milled SCMG demonstrated using the sample shown in Fig. 2(a) . As the temperature increases, the Bragg wavelength red shifts. The extremely short SCMG length (~ 36.6μm) and wide operating range (~ 20 -450°C) presents it as a promising candidate for detecting temperature change in ultra-small space.
The sensitivity of typical FBG force sensor found in literature is ~1nm/N. It can be improved to ~14nm/N by using micro-electro-mechanical systems (MEMS) technology and high RI contrast materials. Nevertheless, the sensitivities of conventional FBG force sensors are still not high enough in some applications. Moreover, miniaturized FBGs with high sensitivities to measure force are required in many applications. According to the force sensing principle, force sensitivity increases strongly as the FBG diameter decreases; in other words, S F varies with the MF radius. A SCMG with 2μm diameter is expected to have S F ~5339nm/N when λ B = 1550nm [15] . This is much higher than the S F recorded with conventional FBG force sensors reported in the literature [18] . A further three orders of magnitude improvement in sensitivity is predicted if we have thinner MF, with S F reaching values in excess of 10 6 nm/N. The SCMG strain/force sensors could offer attractive properties monitoring strain/force changes in power plant pipelines, airplane wings, and other civil engineering structures [16] . For the sample reported in Fig. 2(b) , Figure 6 shows the reflection spectra under different axial forces. The figure shows that the MFBG Bragg wavelength red shifts when force is applied to the sensor. Moreover, the response of the 2μm-diameter MFBG to the applied force is linear up to ~0.0084N (inset of Fig. 6) . From the data, we calculated the S F for the sensor to be ~4133nm/N using linear fitting. This is three orders of magnitude larger than that recorded in FBGs inscribed in untapered fibers. The theoretical sensitivity of a 2μm-diameter MFBG around wavelength of 1550nm is ~5339nm/N. The experimental data agrees with it. The possible reason for the difference between experimental and theoretical values is the slightly non-uniform diameter of the microfiber. Loading condition and deformation of the MFBG are different from that of conventional uniform FBGs under axial force. The SCMG not only has an extension in the longitudinal direction, but also has a deformation in the fiber cross-section. We did not consider this situation in our analysis. 
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